of Venezuela (4) . Since their initial identification, SFV and SIN have become the model alphaviruses, providing detailed knowledge of their molecular biology and replication in host cells. While initial viral vectors were based on DNA viruses (such as vaccinia virus, adenovirus, and adeno-associated virus), the molecular cloning of SFV and SIN as cDNAs has enabled the subsequent development of these RNA viruses into efficient, high-level expression systems.
In nature, alphaviruses cycle predominantly between mosquitoes and small mammals and birds. Wild-type SFV and SIN target neurons in the CNS, induce neuronal apoptosis, and cause encephalitis in rodents, sometimes with lethal outcome (5) . Data from studies in mice and rats with replication-competent SFV and SIN indicate that neurotropism and neuronal survival are determined by both the viral strain and the age of the injected animals. While all strains cause fatal disease in newborn and suckling rodents, several strains (including SFV A7, its derivative SFV A7 [74] and SIN [AR339]) are avirulent for adult animals and cause limited CNS infection, which is cleared within 7-10 ds post-infection (6) (7) (8) (9) .
Alphaviral Replication
The first two thirds of the 11.8 kb long, capped RNA genome serve as mRNA for the polyprotein containing nonstructural proteins 1-4 (nsP1-4), which is post-translationally processed into the four proteins that are required for transcription and replication of the alphaviral RNA. NsP1 has methyl-and guanyltransferase activity; nsP2 is involved in the proteolytic processing of nsP1-4 and regulates viral RNA synthesis; and nsP4 is the viral RNA polymerase (1) . NsP3 is a phosphoprotein (10) involved in alphaviral RNA replication (11) , but its precise function remains unknown. Within the first hours of infection, the nsP123 polyprotein and nsP4 generate the negativestrand RNA that is complementary to the viral genome. Once the nsP123 polyprotein has been cleaved (through nsP2), the negative-strand RNA serves as a template for efficient synthesis of both new positive-strand genomic RNA, and subgenomic 26S RNA that encodes the viral structural proteins. The subgenomic RNA is translated into the polyprotein that is then processed into the capsid and spike proteins, p62 and E1. Owing to an encapsulation signal in the nsP1 gene for SIN and nsP2 gene for SFV, capsid proteins assemble with genomic RNA molecules to form nucleocapsids, which then bud from the cell membrane where processed spike proteins have been inserted (1) . Figure 1 gives a schematic overview of the alphaviral replication and virus assembly.
Alphaviral Vectors: The Replicon System
Vectors for SFV and SIN as well as the closely related VEE have been developed to express high levels of foreign genes in vitro and in vivo (12) (13) (14) (15) . Owing to their promiscuous usage of cell surface receptors for attachment, an extremely wide range of host cells, including most cell lines and many primary cultures from insect to mammalian cells, can be infected and successfully transduced (16, 17) .
While fully replication-proficient alphaviral vectors have been used (18) , a more common approach is the replicon system (see Fig. 2 ) in which the transgene in the "vector RNA" replaces the viral structural protein genes (13) (14) (15) . Vector RNAs are self-replicating and are referred to as "replicons." They must be cotransfected with defective "helper RNA" to be packaged into infectious particles. Both vector and helper RNAs are obtained by in vitro transcription from plasmids containing their respective cDNAs. A vector RNA-encoding plasmid of the SFV system, pSFV2gen (19) , is shown in Figure 3 . It is based on pSFV1 (13) but contains a multiple-cloning site with additional unique restriction sites.
Defective helper RNAs have a large deletion in nsP1-4 and are not self-replicating, but can be replicated and transcribed by the nsPs pro-vided by the replicons. Helper subgenomic RNAs are translated to provide the capsid and spike proteins for replicon assembly under conditions in which helper RNAs are not packaged. Alternatively, the capsid and spike proteins can be supplied from stably transfected cells line (20) . Packaged replicons derived by this approach have been termed "suicide vectors" (21) because they infect target cells without the capability of forming new infectious particles (as the introduced replicon genome is lacking the structural protein genes).
A fully DNA-based SFV expression system employs vector and helper plasmids with the
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Molecular Neurobiology Volume 26, 2002 Fig. 1. Alphaviral replication and assembly. Upon attachment of the viral particle to the cell and entry via endocytosis, the viral nucleocapsid is released into the cytoplasm. Binding of the nucleocapsid to ribosomes then triggers the uncoating process that releases the genomic (+)-strand RNA into the cytoplasm. The genomic RNA is then translated into the nsP1-4 preprotein that synthesizes the complementary (-)-strand genome. When nsP1-4 is cleaved into the separate proteins, many copies of both (+)-strand genomic and subgenomic RNA are formed. The subgenomic RNA is translated into the capsid protein (C) and the envelope proteins (p62, the precursor of the E2 and E3 spike proteins; the 6K protein; and E1). Owing to the packaging signal in the nsP region of the genome, the genomic RNA is bound to capsid proteins, thereby forming the nucleocapsid. Interaction of the nucleocapsid with envelope glycoproteins (spikes), which have penetrated into the host cell membrane, liberates the virus particle from the host cell. (Modification of the figure kindly provided by Dr. Sondra Schlesinger, Washington University School of Medicine, St. Louis, USA.) prokaryotic SP6 RNA polymerase promoter (for in vitro transcription) replaced by an RNA polymerase II-dependent promoter, permitting expression in eukaryotic cells (22) . The viral titers obtained by co-transfection of these plasmids into baby hamster kidney 21 (BHK) and COS-1 cells, however, are significantly lower than the titers obtained by co-electroporation of vector and helper RNAs.
In a different approach, the helper RNA, in addition to the vector RNA, similarly contains a packaging signal, resulting in the co-packaging of both vector and helper RNA into infectious particles. Virus particles derived by this method have been successfully used as an efficient expression cloning system for receptors and other membrane proteins, as well as for secreted and intracellular proteins (23) . While other alphaviruses such as VEE and rubella virus are human pathogens, wild-type SFV and SIN normally cause less severe infections in humans, with SIN leading to mild fever, joint-pain, and rash (5). For SFV, human infection is relatively common, but this has been linked to disease in only two occasions (5) . This explains why SFV is classified as biosafety level 3 in the USA, but with the condition that most activities (including the work with SFV vectors) can be carried out at level 2, which is also the biosafety level for SIN (US HHS Publication no. CDC 93-8395, 1993) (24) 
Applications in Neurobiology

Transduction of Neurons
Both SFV and SIN vectors have been used successfully to transduce neurons in primary and tissue cultures (see Fig. 4 ) and in vivo (e.g., refs. [25] [26] [27] [28] [29] [30] [31] [32] . Organotypic cultures of hippocampal slices (33,34) represent a highly applicable preparation that permits rapid tests for recombinant proteins in a system that is more similar to the in vivo situation than cultures of dissociated neurons. SFV and SIN vectors deliver genes efficiently to neurons in organotypic hippocampal slices prepared from neonatal and postnatal rats (see Fig. 4A ,B; refs. 27, 28, 35) . In collaboration with my colleague Kenneth Lundstrom, I successfully established a standardized protocol for the application of alphaviral vectors in this test system (36, 37) .
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Molecular Neurobiology Volume 26, 2002 Compared to other viral vectors, biolistic and lipid-based transfection methods, SFV, and SIN vectors cause rapid, high-level, and efficient transduction (>95% in primary neurons, see Fig. 4C ). It is also beneficial for many studies that conventional SFV and SIN vectors preferentially transduce neurons rather than non-neuronal cells, causing pyramidal cells and interneurons, in hippocampal slice cultures, to constitute approx 90% of all cells positive for green fluorescent protein (GFP; see Fig. 4B ) (27, 28) .
Aside from their advantages (see Table 1 ), wild-type alphaviral vectors (13, 15) retain the disadvantage of inhibiting host cell protein synthesis, which eventually causes cell death. While neurotoxic effects appear relatively fast (within 1-2 d) and are readily observed in cultures of dissociated hippocampal neurons (25, 38, 39) , they are delayed by several days in Table 2 summarizes different transgenes that have been introduced into hippocampal and other neurons by using packaged SFV and SIN replicons. While it lists many intracellular and membrane proteins that could be expressed in a functional manner, our attempts to functionally overexpress the transcription factors EGR1 and EGR2 with the less cytopathic SFV(PD) mutant (38, 39) were not successful. The analysis with an anti-EGR1 antibody revealed the presence of immunoreactive protein in the cytoplasm rather than the nucleus of infected cells; and functional tests for transactivation of EGR1-dependent luciferase reporter gene expression were not successful (M.J. Fend, K. Lundstrom, and M.U. Ehrengruber, unpublished data). By contrast, when inserted into adenoviral vectors, exactly the same EGR1 cDNA was able to induce EGR1-dependent gene expression (41) . These results indicate that the present alphaviral vectors may not be applicable for the functional study of specific transcription factors. Another report with a GFP-tagged transcription factor (ATF-4) overexpressed by SFV did not examine whether ATF-4 transactivating function was retained in infected cells (42) .
Heterologous Expression of Neuronal Proteins
Owing to the intracellular amplification processes inherent in alphaviral genome replication, SFV and SIN vectors generate extremely high transgene expression levels in infected cells. These levels can be problematic in cases where the transgene product has cytotoxic effects (as in the human neurokinin-1 receptor [43] ) or because it does not match physiological levels. On the other hand, alphaviral vectors are particularly advantageous when applied in cell lines for generating high amounts of recombinant protein required (e.g., for the drug screening of receptors and the purification of proteins for structural studies and crystallization. Compared to the baculovirus system, which generates similar recombinant protein levels, alphaviral vectors possess the advantage of functioning well in mammalian cells. Alphaviral vector systems have been particularly useful for the heterologous expression of receptors, including G protein-coupled receptors such as the metabotropic glutamate receptors mGluR2, 3, 4, and 8 (19, 44, 45) , the human neurokinin-1 receptor (43, 46) , and the α 1b -adrenergic receptor (47) . Radioligand binding on intact cells and isolated cell membranes revealed extremely high expression levels, with 3-10 million receptors per cell and 50-200 pmol recombinant receptor per mg total protein. An intact functional coupling of the overexpressed receptors to G proteins in response to agonists has been tested via measurements of, e.g., GTPγS binding (44), intracellular Ca 2+ mobilization (43) , and inositol phosphate accumulation (47) .
In specific applications, the heterologous expression of distinct proteins, possibly at approximately equal ratios, within a given cell is required. For example, it has been shown for the GABA A receptor that α1 or β2 subunits, when expressed alone, are retained in the endoplasmic reticulum, whereas co-expression of both subunits permits GABA A receptor access to the plasma membrane (48) . Separate
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genes can be introduced into the same cell by co-infection with different viral vectors (47, 48) , the use of internal ribosomal entry site (IRES) sequences (67) , and additional 26S subgenomic RNA promoters (18) .
Identification of Infected Neurons Using GFP
The function of transduced neurons is generally compared to one of uninfected control neurons (as well as to one of neurons infected with a control virus expressing, e.g., GFP) to determine the effect of the expressed transgene. This comparison is done ideally in the same population of cells, i.e., the same slice culture or the same Petri dish. Electrophysiological recordings, as well as other measurements from infected cells, thus require the identification of (living) cells that have been genetically modified. This is normally achieved by using GFP as a reporter molecule.
Three GFP-based approaches have been employed in combination with alphaviral vectors. The most common method is the generation of GFP fusion proteins where the gene of interest is fused to the GFP cDNA. This strategy, however, may be problematic as the attachment of the GFP domain can alter transport, localization, and function of the overexpressed protein. A second approach is the use of an internal ribosomal entry site (IRES) sequence between the gene of interest and the GFP cDNA, permitting separate expression of both genes. Our experiments using IRESdependent GFP expression, however, revealed relatively weak GFP fluorescence and allowed identification of infected pyramidal cells in organotypic hippocampal slices at only 3 d post-infection. A third method is to drive GFP expression separately under the control of an additional subgenomic alphaviral 26S promoter downstream of the gene of interest. This procedure, in our hands, resulted in sufficiently high GFP fluorescence levels to allow for electrophysiological recordings from GFPpositive primary neurons at 1 d post-infection. The second and third approaches, of course, can generally be used to express two or more transgenes as separate proteins, which may be required, e.g., for the expression of heteromeric proteins such as ligand-gated ion channels.
Alphaviral Vector Development
As summarized in Table 1 , wild-type alphaviral vectors may be problematic because of 1) cytotoxicity; 2) short-term expression due to cytotoxicity and/or transient nature of the viral RNA; 3) no choice of promoter; and 4) in certain cases, extremely high expression levels. The development of alternative SFV and SIN vectors focuses on these negative properties by introducing specific mutations in the nsP1-4 genes that control viral replication and expression. Tables 3 and 4 give an overview of the modified alphaviral vectors and indicate their transduction characteristics in cell lines and neurons.
Non-Cytopathic Vectors
Spontaneous mutations discovered in the nonstructural genes, particularly in nsP2 and nsP4, have dramatic effects on the viral pathogenicity. Mutations in nsP2 of SIN have produced viruses (49) and replicons (49-51) with greatly reduced cytotoxicity in cell lines (see Table 3 ). The majority of the mutants had a single change at amino acid 726. For example, a change at this site from Pro to Ser produced replicons that had reduced levels of RNA replication, and therefore, also lower cytopathogenicity (49) . The change from Pro to Leu led to a further reduction in both RNA synthesis and cytotoxicity (50) . Replication-persistent replicons with ongoing viral multiplication were generated by random mutagenesis of nsP genes in SIN and SFV vectors containing the neomycin resistance gene; once again they had either deletions or point mutations in nsP2 (51) . All of these experiments were performed in cell lines (see Table 3 ), with mitosis of infected cells. In general, persistent infections appeared to be correlated with a lack of interferon production or the production of other potential cytokines.
With regard to neuronal infection (see Table  4 ), the introduction of known temperaturesensitive mutations into nsP2 and nsP4 reduced the cytotoxicity of SFV vectors in primary hippocampal neurons (39) . Furthermore, studies on replication-competent SFV revealed a point mutation (Arg649Asp) in the nuclear localization signal of nsP2 to confer lower neurovirulence in mice (52, 53) . When we combined a similar mutation in the nsP2 nuclear localization signal (Arg650Asp) with an additional mutation in nsP2 (Ser259Pro), we obtained a vector, SFV(PD), that was less cytopathic and caused increased transgene expression in mammalian cell lines, primary hippocampal and cortical neurons, and organotypic hippocampal slices (38, 39) 
a This mutant has only been used as a nonpackaged replicon. M.U. Ehrengruber, unpublished data). Furthermore, when a mutation in nsP2 known to confer replication-persistence (Leu713Pro; ref.
51) was inserted into SFV(PD), the resulting vector SFV(PD713P) was noncytopathic in BHK cells and still infected neurons in hippocampal slice cultures (K. Lundstrom, and M.U. Ehrengruber, unpublished data). Taken together, the less cytopathic SFV and SIN mutants will permit the application of alphaviral vectors under more physiological conditions. In addition to general overexpression of recombinant proteins, the vectors can also be used to study expression kinetics and signal transduction events (54), suppress genes by antisense and ribozyme approaches, and perform gene therapy trials with prolonged gene expression.
Vectors with Temperature-Dependent Regulation
In present SFV and SIN vectors, transgene expression relies on the endogenous 26S subgenomic RNA promoter. The minimal 26S subgenomic RNA promoter consists of 19 nucleotides upstream and 5 nucleotides down- Note that SIN vectors also efficiently transduce hippocampal neurons in primary culture (30, 31) , in slices (27, 32) , and in vivo (30 stream of the transcription start site for the subgenomic RNA, but its activity is enhanced when neighboring sequences are included (1). The 26S subgenomic RNA promoter functions in the cytoplasm of infected cells, as it is the compartment where the transcription of alphaviruses occurs (cf Fig. 1 ). In contrast, the nucleus is the compartment where "nonalphaviral" promoters are functional that can be regulated and transcribe RNA from DNA. Thus, other means to control SFV and SINmediated transgene expression have to be found. Temperature-dependence is one of the few ways to regulate alphavirus vectors that replicate and are transcribed in the cytoplasm. Temperature-sensitive mutations have been described for SIN in each of the nsP genes (55, 56) , and those in nsP4 (14) have been introduced into SIN expression vectors (57) . Combination of the Pro726Ser change in nsP2 with a temperature-sensitive mutation in nsP4 led to the inducible expression of DNA-based vectors in a variety of cell lines (57) . Several of the known temperature-sensitive point mutations in nsP2 and nsP4 have also been introduced into the SFV expression vector, causing temperature-sensitive transgene expression in cell lines, primary hippocampal neurons, and organotypic hippocampal slices (see Tables 3  and 4 ) (39) . A quadruple-mutant vector, SFV(PDTE), with three point mutations in nsP2 and one in nsP4, permitted GFP expression at 31°C but not at 37°C. Similarly, SFV(PD713P) permitted transgene expression at 31°C rather than 37°C (K. Lundstrom and M.U. Ehrengruber, unpublished data). Interestingly, the triple-mutant vector SFV(PDE 153 ) when used at 37°C transduced interneurons, rather than pyramidal cells in rat hippocampal slices, characterized by a ratio of approx 0.6 between GFP-positive pyramidal cells and interneurons (the corresponding ratio is >10 for the wild-type SFV vector) (28) . When SFV(PDE 153 ) was used at 31°C instead, a wildtype phenotype was observed with a ratio of approx 10 (39) . A different study revealed another SFV mutant, SFV(A774nsP) encoding GFP downstream of the nsP genes from the avirulent SFV strain A7 (74) , to transduce glial cells, and not neurons, in cultured hippocampal cells and slices at 37°C, whereas this was reversed at 31°C (M.U. Ehrengruber, M. Renggli, M.J.V. Vähä-Koskela, and K. Lundstrom, unpublished data). These results show that mutant alphaviral vectors are useful, at least in hippocampal tissue, to target transgene expression to a subset of neurons or even glial cells rather than principal neurons. At the non-permissive temperature, the host cellular environment presumably does not support alphaviral replication.
Vectors with Decreased Expression Levels
For many applications, the elevated expression levels obtained with alphaviral vectors are normally favorable or non-problematic. On the other hand, they may be detrimental under specific conditions-in particular when the overexpressed protein has cytotoxic effects or when more physiological levels of the expressed protein are essential (the functional expression of G protein-coupled receptors, e.g., may require a more physiological ratio of receptors vs G proteins). To achieve lower expression levels, several point mutations were introduced into the 26S subgenomic RNA promoter of SFV (see Table 3 ) (58). The resulting levels of reporter protein (β-galactosidase and luciferase) expressed in BHK cells were only 1, 3, and 30%, as compared to the quantities expressed from wild-type SFV vectors. The down-regulated expression vectors will thus permit examination of recombinant protein function under conditions that are more similar to the in situ situation. The use of the GFP reporter in combination with the more downregulated SFV vectors, however, will no longer be practical (transduced cells will not be recognized due to low GFP fluorescence).
Comparison with Other Viral Vectors
Many viruses have been successfully employed to transfer genes into neurons, and
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each viral vector has its advantages and disadvantages. As each vector system has normally been established in a different laboratory and tested under distinct conditions, it is sometimes difficult for a newcomer to choose a viral vector that is optimal for study. We have previously characterized wild-type SFV and SFV(PD) vectors, recombinant adenovirus type 5, adeno-associated virus type 2 (AAV), lentivirus, and measles virus by their expression of GFP in rat hippocampal slice cultures (28) . Figure 5 plaque-forming units/mL) have to be applied to overcome the predominant glial cell infection. AAV-mediated GFP expression was restricted to neurons when the neuron-specific PDGF promoter (for platelet-derived growth factor β-chain) rather than the CMV promoter was used. Whereas transgene expression mediated by SFV was rapid but transient (as described above), it increased more slowly but remained stable with AAV and lentivirus, but was fast with measles virus. As no replicationimpaired system is available for measles virus, this vector propagated in the hippocampal slices. It is noteworthy that spreading occurred to pyramidal cells rather than non-neuronal cells (60) , which may facilitate the selective transduction of most pyramidal cells within a slice culture. In any case, SFV is useful for short-term and AAV and lentivirus for longterm transduction of hippocampal slices, while measles virus may permit both short-and longterm transduction.
A qualitative evaluation of the maximal GFP expression levels obtained in hippocampal slice cultures revealed the following order: measles virus ≥ SFV ≈ lentivirus > AAV. Compared to GFP-expressing lentivirus, the identification of neurons transduced with SFV and SIN vectors encoding GFP was easier (cf Fig.  4A vs Fig. 5 ). We also estimated the transduction efficiencies in hippocampal slices by comparing the number of GFP positive cells vs the number of applied virus particles. The following order was found: wild-type SFV ≈ SFV(PD) > measles virus > lentivirus ≈ AAV-PDGF-GFP > AAV-CMV-GFP (28). For SFV and SFV(PD), nearly every virus particle resulted in a GFP-positive cell. This high infection rate is due to the broad host range of the virus, and the fact that entry of one virus particle suffices to initiate viral replication in a host cell (1, 61) . For SIN vectors in organotypic hippocampal slices, similar results as with SFV vectors are obtained (27) . In addition to the high infection rate, the easy generation of high-titer virus stocks (36, 37) that contain a high ratio of infectious to physical particles (61) makes SFV and SIN vectors favorable for gene transfer into neurons. In several countries, SFV vectors packaged with pSFVHelper2 may be preferred as they are classified as biosafety level 1.
